The paper presents a description and results of a study focused on the applicability of the sclerometric method to the preliminary assessment of concrete quality in structures after fire. Due to the high thermal inertia, concrete has non-uniform properties in the heated element cross-section. The greatest reduction of concrete compressive strength occurs on the heated surface. When assessing a structure after a fire, it is particularly important to determine the thickness of the damaged external concrete layer. Reinforced concrete beams exposed to high temperature on one side (a one-way heat transfer in the cross-section) for 0 (unheated element), 60, 120, 180 and 240 minutes were examined. A significant decrease of the rebound number on the elements heated surface was observed, depending on the heating duration. The obtained values of the relative rebound number reduction were comparable to the values of relative compressive strength decrease (determined on the basis of temperature) of concrete situated 15 mm from the heated surface.
INTRODUCTION
Reinforced concrete structures have relatively good natural fire resistance [1] [2] [3] [4] . Concrete in a structure, contrary to steel or timber, usually does not get completely destroyed in fire [5] [6] [7] [8] [9] .
However, as a result of the exposure to high temperature, a number of thermo-mechanical, physical and chemical processes occur in the structure of concrete, negatively affecting its mechanical properties [1, [10] [11] [12] [13] [14] . The decrease of concrete compressive strength in high temperature is particularly important as this may have a significant effect on the reduction of the structural loadbearing capacity. This issue has been studied frequently [10, [15] [16] [17] [18] and is widely described in the literature, e.g. [2, 3, 11, 19, 20] . The outcome of the collected experimental results is a generalised, standard [21] relationship between the temperature of concrete (θ) and the relative decrease of concrete compressive strength (fcθ/fck; see Fig. 10 ). From a practical point of view, considering the load-bearing capacity of a structure, concrete heated to 500-600 o C can be regarded as destroyed [3, 22] .
Due to the high thermal inertia of concrete, during a fire, the interior of the element cross-section heats up more slowly than the surface [9] . Therefore, the temperature on the element surface is much higher than inside. As a result, the concrete has non-uniform properties in the cross-section. The greatest degradation of concrete, as well as the reduction of its compressive strength, occurs in the near-surface layer. During the assessment of concrete in structures after a fire, it is particularly important to determine the thickness of the external layer of the tested element cross-section, in which the concrete is so damaged that it should be considered as destroyed [4, 5, 7, 23, 24] .
The sclerometric method is used for nondestructive testing of concrete in situ and can be applied to indirect estimation of the compressive strength of concrete in structures. Testing concrete with a sclerometer in normal conditions is standardized [25] . A lot of additional information concerning the methodology of the test and experimental relationships for the determination of concrete strength can also be found in [26] .
The sclerometric test is based on the correlation between the compressive strength of concrete and its surface hardness. After applying a sclerometer (Schmidt hammer) to the element, a spring system releases a hammer mass which strikes a plunger in contact with the concrete surface and then rebounds at a certain distance, known as the rebound number. In [27] two alternative ways of assessing the concrete strength on the basis of rebound number measurements are given. The first one is to establish a direct correlation between the sclerometric test results and the compressive strength of concrete, determined in the destructive test. For this purpose, it is required to examine at least 18 specimens taken from the structure. The second way is based on the predefined relationship between the rebound number and concrete compressive strength [27] . The initial calibration of this relationship shall be performed considering the results of destructive tests on at least 9 core samples. With the use of a sclerometer, it is only possible to determine the compressive strength of concrete in the nearsurface layer with a thickness not exceeding 30 mm [24] . Concrete in the tested area shall be grinded and cleaned so that the hammer strikes a flat and dry surface [25] .
The sclerometric method may also be useful for the assessment of structures after a fire. However, with this method it is only possible to pre-identify areas where the concrete: (1) has been destroyed, ( 2) has been slightly damaged or (3) has not been significantly affected by the high temperature and is not damaged. It is not possible to fully apply the sclerometric method to the assessment of concrete strength in the structure after a fire. The results of tests on core samples, required to determine the relationship between the rebound number and concrete compressive strength, are then usually unreliable [28] as the concrete has non-uniform properties along the specimen axis.
The paper presents a description and results of a study focused on the applicability of the sclerometric method to the preliminary assessment of concrete quality in structures after fire. Tests were performed on reinforced concrete elements heated in a planned way and then freely cooled in the air. This was to study the rebound number changes with respect to concrete damage caused by a known high temperature field. 
EXPERIMENTAL STUDY

ELEMENTS
TESTING PROCEDURE
The beams were heated for 0 (unheated element), 60, 120, 180 or 240 minutes using a heightadjustable electric furnace (Fig. 2) , and then were cooled freely in the air. Before the test, the temperature in the furnace chamber reached 450ºC. The furnace was then placed under the beam and heating continued. For about 40 minutes the temperature in the furnace chamber increased to about 900°C and was maintained until the end of the test. Immediately after placing the furnace under the beam, ceramic wool insulation was fixed to the element lateral surfaces (Fig. 2) . In this way, a oneway heat transfer in the cross-section was provided. The temperature in the furnace chamber, on the beam surface and at selected points inside the cross-section was measured during the test (Fig. 5a ).
The cooled element was turned upside down. In this way, a good access to the heated surface was provided. Three 100x100 mm locations (Fig. 3a) were then selected; in each of them, ten readings were taken with a Schmidt hammer type N. Dust and loose pieces of aggregate or cement paste were removed from the marked areas of the tested surface. However, grinding the concrete surface as recommended for testing at ordinary room temperature [25] was abandoned. The surface roughness (caused by the effect of high temperature) was retained to imitate a preliminary, quick test, which could easily be performed on the real structure after a fire. Surface grinding is labour-intensive and would significantly delay the test. And yet, as already stated, the sclerometric method can only be used for the initial identification of areas where concrete has been damaged during a fire. In addition, grinding would remove the most damaged external layer of concrete. This would result in less damaged concrete located deeper in the crosssection being examined. Fig. 3b -f show photographs of the tested elements surfaces. The surface roughness is visible -the longer the heating time was, the greater the damage. Moreover, the readings were averaged for measurement points located symmetrically on the lateral surfaces of the element (Fig. 5 ).
EXPERIMENTAL RESULTS
TEMPERATURE IN THE BEAM CROSS-SECTION
It can be noted that the temperature values inside the cross-section and on the surface are very similar.
The obtained results indicate that the heat transfer in the elements cross-section was indeed one-way. Table 1 shows the values of the rebound number on the tested beams surfaces. The average rebound numbers (LTi) have been calculated for 10 readings at each of the three test locations on the heated element surface (Fig. 3) . A correction factor due to the reading on the reference anvil differing from the nominal value (Lnom/LA,av. = 80/73.6 = 1.09) and correction [26] for the vertical test direction Tb5  Tb11  Tb4  Tb10  Tb3  Tb9  Tb2  Tb1 at the three test locations, the average rebound number (LT) for each element as well as standard deviation (sL) and coefficient of variation (vT) [26] were determined. For all beams, low values of rebound number coefficient of variation (vT < 7%) were obtained. This allows evaluating the uniformity of concrete in the near-surface layer as very good [26] .
REBOUND NUMBER
It should also be noted that the examination of the rough surface of heated elements did not cause a large scatter of results. This leads to a conclusion that in order to simplify the measurements in many locations of a structure after a fire, it is possible to abandon the time-consuming grinding of the tested surface. This does not have a significant impact on the rebound number readings taken during the preliminary concrete assessment.
The rebound number decreases as the heating duration increases, i.e. with the progressing degradation of concrete in the near-surface layer. For the beam heated for 60 minutes, a slight reduction of the rebound number was observed (LT/L0 = 0.83). In the case of the beam exposed to high temperature for 240 minutes, the rebound number decreased very significantly (LT/L0 = 0.26).
DISCUSSION OF TEST RESULTS
COMPARISON OF TEMPERATURE MEASUREMENT RESULTS WITH TEMPERATURE FIELD CALCULATED USING THE FINITE ELEMENT METHOD
In order to obtain complete information about the temperature field in the element cross-section in relation to the heating duration, FEM calculations were performed using the SAFIR software [29] .
The results were compared with the temperature values obtained at particular measurement points during heating the beams.
The calculations were based on a two-dimensional model of a beam cross-section of 160 x 200 mm, with an orthogonal grid of four-node finite elements of 10 mm side. The boundary conditions were determined according to which heat penetrated into the cross-section only from the bottom.
A temperature corresponding to that measured at point Tb5 (see Fig. 5 ) at the beams underside was set for the entire bottom edge of the cross-section. In this way, the effect of radiation in the furnace chamber on the heated surface of the element, which is difficult to estimate, was eliminated. Thermal properties of concrete: specific heat and thermal conductivity were adopted in accordance with [21] .
In the model, the presence of reinforcing bars was also taken into account, as specified in the reinforcement scheme of tested elements (Fig. 1 ). Good compatibility of the experimental and calculated results was obtained. Therefore, it can be concluded that the assumption according to which the temperature at the bottom edge of the FEM model was equal to that measured at the beam underside provided reliable calculation results. In the obtained temperature fields there are visible slight irregularities in the horizontal isotherm layout, appearing in the location of reinforcing bars (due to the different thermal conductivity of concrete and steel). Generally, however, it can be assumed that a one-way heat transfer occurred in the cross-section. 
RELATIONSHIP BETWEEN THE REBOUND NUMBER REDUCTION AND THE
DECREASE OF CONCRETE COMPRESSIVE STRENGTH IN THE NEAR-SURFACE LAYER
In order to examine how the rebound number reflects concrete damage, Fig. 9 and 10 compare the relative decrease of the rebound number (LT/L0; Table 1 ) with the relative reduction of the compressive strength (fcθ/fck) of concrete at high temperature. The Eurocode model [21] , which can be considered reliable [2, 3, 22] , was used to determine this reduction. The decrease of compressive strength of concrete with siliceous aggregate (such aggregate was used in the concrete of tested beams) at high temperature is shown in Fig. 10 . On the basis of this relationship and the temperature distribution in the beam cross-section after a specified heating time (Fig. 8) , the relative strength decrease of concrete at a distance: 10, 15, 20 and 30 mm from the bottom cross-section edge (see Table 2 ) was calculated. [21] a specified heating time, and y-coordinate -the relative decrease of the rebound number after that time.
In both Figures (Fig. 9 and Fig. 10 ) it can be observed that the rebound number decreases with increasing heating duration, and LT/L0 values reflect most accurately the relative compressive strength reduction (fcθ/fck) of concrete situated 15 mm from the bottom edge of the cross-section. This distance corresponds to the centre of the near-surface layer (30 mm thick) which is measured with a sclerometer [24] .
Therefore, it can be concluded that the sclerometric method can be used for the preliminary comparative assessment of concrete in the external cross-section layer of a structural element after a fire. In the case when the effect of high temperature in the cross-section is significant, the concrete at the surface is destroyed and cavities occur. This enables adjacent, deeper layers of concrete to be examined with a Schmidt hammer. However, it is not possible to estimate the strength of concrete more distant from the element surface, i.e. one to which there is no direct access with the sclerometer.
SUMMARY AND CONCLUSIONS
The paper presents a description and results of an experimental study focused on the applicability of the sclerometric method to the preliminary assessment of concrete in the near-surface layer of the cross-section of RC structural elements after fire. Tests were performed on beams heated from the bottom in a controlled way, which was to ensure a one-way heat transfer in the cross-section.
A significant decrease of the rebound number depending on the heating duration was observed. The obtained results confirm that the sclerometric method can be used for the preliminary assessment of the concrete quality in the near-surface layer of elements in structures after a fire. This assessment can be performed in order to identify areas where the concrete: (1) has been completely destroyed, (2) has been only slightly damaged, or (3) has not been significantly affected by heat and is not damaged.
In practice, in order to simplify the preliminary assessing of structures after fire using a sclerometer, it is possible to abandon the time-consuming grinding of the element surface (which is recommended for testing at ordinary room temperature). In the presented study, the beams surfaces exposed to high temperature were not grinded. Neertheless, small scatter of obtained results was observed. W praktyce, w celu uproszczenia wstępnych badań konstrukcji po pożarze za pomocą sklerometru, można zrezygnować z kłopotliwego szlifowania powierzchni elementów (co jest zalecane do badań w zwykłej temperaturze).
W przedstawionym badaniu nie oszlifowano powierzchni belek narażonej na działanie wysokiej temperatury, a mimo tego otrzymano małe rozrzuty wyników.
Zmienność liczby odbicia w zależności od czasu ogrzewania porównano ze względną redukcją wytrzymałości betonu na ściskanie (fcθ/fck) określoną na podstawie modelu eurokodowego i temperatury w przekroju elementu. Stwierdzono, że względne zmniejszenie liczby odbicia (LT/L0) najbardziej odpowiada względnemu obniżeniu wytrzymałości na ściskanie (fcθ/fck) betonu znajdującego się w odległości 15 mm od dolnej krawędzi przekroju, a więc w środku warstwy objętej zasięgiem pomiaru sklerometrem (30 mm).
Otrzymane wyniki potwierdzają, że metoda sklerometryczna może być stosowana do wstępnej oceny jakości betonu w warstwie przypowierzchniowej elementów w konstrukcji po pożarze. Ocena taka może być przydatna do wytypowania miejsc, w których beton: (1) został zniszczony, (2) jest uszkodzony w niewielkim stopniu lub (3) nie był poddany istotnemu wpływowi wysokiej temperatury i w ogóle nie został uszkodzony. Za pomocą sklerometru nie jest natomiast możliwe oszacowanie wytrzymałości na ściskanie betonu znajdującego się w głębi przekroju elementu, poza warstwą zewnętrzną.
